Frequency-following responses were recorded from Chinese and English participants at the level of the brainstem in response to four Mandarin tonal contours presented in a speech and nonspeech context. Pitch strength analysis of these preattentive brainstem responses showed that the Chinese group exhibited stronger pitch representation than the English group regardless of context. Moreover, the Chinese group exhibited relatively more robust pitch representation of rapidly changing pitch segments. These ¢ndings support the view that at early preattentive stages of subcortical processing, neural mechanisms underlying pitch representation are shaped by particular features of the auditory stream rather than speech per se. These ¢ndings have implications for optimizing signal-processing strategies for cochlear implant design for speakers of tonal languages.
Introduction
Languages that exploit variations in pitch-to-signal meaning differences in monosyllabic words are called tone languages. By using scalp-recorded human frequency-following responses (FFR), it has been shown that preattentive stages of pitch encoding of Mandarin tones are sensitive to language experience at the level of the human auditory brainstem [1] . Pitch information is preserved in the phaselocked neural activity generating the FFR not only for steady-state complex tones [2] , but also for time-varying pitch contours of Mandarin speech [3] . Thus, the FFR provides a noninvasive electrophysiological measure of neural phase locking and serves as an optimal window to view neural processing of pitch at the level of the auditory brainstem. It also serves as a useful tool to probe in to questions related to experience-dependent plasticity and preattentive lower level of sensory processing on pitch.
To generate auditory stimuli that preserve the perception of pitch, minus waveform periodicity or highly modulated stimulus envelopes, we use iterated rippled noise (IRN). An IRN stimulus is generated using a broadband noise that is delayed and added to itself repeatedly. The perceived pitch corresponds with the reciprocal of the delay, and the pitch salience increases with the number of iterations of the delayand-add process [4, 5] . The IRN algorithm has been generalized to allow multiple time-dependent delays over a range of iteration steps, making it possible for humans to detect pitch changes in 'dynamic' IRN by humans [6] , and further modified to handle curvilinear pitch contours ecologically representative of natural speech [7] .
At an early preattentive 'subcortical' stage of processing, FFRs elicited in response to Mandarin tones reveal smoother pitch tracking in native versus nonnative listeners, no matter the context, speech or nonspeech [1, 8] . By measuring 'pitch strength', peak of autocorrelation function, we are able to focus on individual sections of pitch contours. The primary aim of this cross-language study was to determine whether the brainstem mechanisms responsible for extracting pitch information are susceptible to stimulus degradation. Specifically, do FFRs induce more robust phase locking to speech than nonspeech stimuli with degraded periodicity (e.g. IRN)? Another aim was to determine whether experience-dependent neural mechanisms for pitch representation in the brainstem are sensitive to specific timevarying features of pitch contours that native speakers of a tone language are familiar with regardless of context.
Methods

Participants
Fourteen adult native speakers of Mandarin Chinese and 13 native speakers of American English participated in the Mandarin 'speech' experiment [1] . Separate groups of 12 adult native speakers of Mandarin and 12 adult monolingual native speakers of English participated in the Mandarin 'nonspeech' experiment. Participants' ages ranged from 21 to 30 years. All Chinese participants were born and raised in Mainland China. They gave informed consent in compliance with a protocol approved by the Institutional Review Board of Purdue University.
Stimuli
In the speech experiment, a set of Mandarin monosyllables was chosen to contrast the four lexical tones:
/ 'easy'. F 0 contours were modeled after natural productions of citation forms. In the nonspeech experiment, time-varying IRN stimuli were created with the same f 0 contours at a highiteration step (n¼32) using procedures described in the study by Swaminathan et al. [7] . Stimulus duration was 250 ms including a 10-ms cosine squared ramp used to eliminate both spectral splatter and artifactual onset responses.
Data acquisition
The data acquisition procedures are as described in the study by Krishnan et al. [1] . FFRs were recorded from each participant in response to monaural stimulation of the right ear. In the speech experiment, these evoked responses were recorded differentially between scalp electrodes placed on the midline of the forehead at the hairline and the seventh cervical vertebra (C7). Another electrode placed on the mid-forehead (Fpz) served as the common ground. In the nonspeech experiment, the FFRs were recorded differentially between scalp electrodes placed on the midline of the forehead at the hairline and the ipsilateral mastoid. Another electrode placed on the contralateral mastoid served as the common ground. These two derivations yielded essentially the same responses.
Data analysis Pitch strength of tonal sections
To compute the pitch strength of the FFR responses to speech and nonspeech stimuli, FFR responses were divided into six nonoverlapping 40-ms time frames (5-45; 45-85; 85-125; 125-165; 165-205; 205-245). The normalized autocorrelation function of the two language groups was derived from an analysis of corresponding time frames of the speech and nonspeech stimuli and their FFR responses. The first author identified visually the location of the autocorrelation peak per 40-ms frame from the input IRN stimuli. This location was then used to guide a visual search for the corresponding peak in the FFR response. Within each 40-ms frame, the response peak selected was the one that was closest to the location of the autocorrelation peak in the input stimulus. This response peak was taken to be an estimate of pitch strength per time frame.
Results
FFR pitch strength, as measured by the average magnitude of the normalized autocorrelation peak per language group ( Fig. 1 ) and context ( Fig. 2) , is shown for six sections within each of the four IRN homologs of Mandarin tones. Across the four tones (Fig. 1) , pitch strength in the speech context is observed to be greater than in the nonspeech context in 83 and 92% of sections for the Chinese and the English groups, respectively. Seventy-five percent of overlap between groups in those tonal sections (unshaded) in which we observe a context effect is seen. Across the four tones (Fig. 2) , pitch strength of the Chinese group is observed to be significantly greater than the English group in nearly twice as many tonal sections (unshaded) in the nonspeech (15) For each tone and group (Fig. 1) , a two-way analysis of variance of pitch strength revealed significant main effects of section and context across all four tones (Po0.05). The context Â section interaction was significant in the majority of cases except for T2 in the Chinese group and T2 and T3 in the English group. Regardless of language group, Tukeyadjusted comparisons indicated that in 16 out of 24 tonal sections, pitch strength in the speech context was greater than in the nonspeech context (Fig. 1, unshaded, Po0.05) . On an average, the pitch strength in the speech context for the Chinese and English group, respectively, was 1.25 and 1.45 times greater than that in the nonspeech context. Of those tonal sections in which the reverse pattern occurred (i.e. nonspeech more than speech), all (four) occurred at the beginning of the IRN stimulus.
For each tone and context (Fig. 2) , a two-way analysis of variance of pitch strength revealed significant main effects of section and group across all four tones (Po0.05). No twoway or three-way interaction effects reached significance. Regardless of context, Tukey-adjusted comparisons indicated that in seven out of 24 and 15 out of 24 tonal sections in the speech and nonspeech contexts, respectively, pitch strength in the Chinese group was greater than in the English group (Fig. 2 , right panels, unshaded, Po0.05). Table 1 presents the acceleration values of the six sections of each of the four IRN homologs of Mandarin tones. Pooling across tones, a positive correlation coefficient was observed between the pitch strength ratios of the two language groups and acceleration (absolute) values of the Mandarin pitch contours per section in both speech (r¼0.37, P¼0.0270) and nonspeech (r¼0.45, P¼0.075) contexts.
Discussion
The major finding of this cross-language study is that independent of the speech-nonspeech context, experiencedependent neural mechanisms for pitch representation at the brainstem level are sensitive to specific time-varying features of pitch patterns that native speakers of a tone language are exposed to. We infer that the role of the brainstem is to facilitate cortical level processing of pitchrelevant information by optimally capturing those features of the auditory signal that are of linguistic relevance. Dynamic IRN stimuli permit us to investigate neural mechanisms underlying pitch patterns representative of those that occur in natural speech without a semantic confound.
We also observed greater pitch strength for speech compared with nonspeech stimuli for both English and Chinese listeners. The weaker pitch strength for the nonspeech stimuli is to be expected given the relatively less robust temporal periodicity in the stimulus waveform. Nevertheless, our data indicate that dynamic IRN stimuli do preserve fine-grained measures of pitch representation at the level of the brainstem, thus giving us a window on neural representation of pitch in degraded conditions. Regardless of context, pitch strength of the Chinese group is greater than that of the English (Fig. 2) . Group differences in pitch strength are, however, not uniform throughout the duration of FFR responses to either speech or their IRN homologs. It is observed that in some tonal sections that have rapid changes (e.g. T4, S4; speech), the two language groups do not differ in pitch strength. Conversely, in other tonal sections that are relatively smooth (e.g. T1, S3; speech), pitch strength differs between the two groups. Nonetheless, we infer that neural mechanisms in the brainstem are not responding to lexical tones per se, but rather to specific timevarying acoustic properties of the input stimuli. The degree of acceleration and deceleration of the pitch trajectories seems to be a critical variable that influences pitch extraction in the rostral brainstem. Pitch strength differs as a function of language experience especially in those tonal sections exhibiting higher degrees of acceleration (e.g. Table 1 : T3, S5) and deceleration (e.g. Table 1 : T4, S5). We hypothesize that cross-language differences in the sustained phaselocked activity of the brainstem reflect an enhancement of selectivity to pitch-relevant periodicities that correspond with rapidly changing dynamic segments of the pitch contour.
Novel signal processing algorithms have recently been proposed to enhance efficacy of cochlear implants (CI) for use with tone languages [9] [10] [11] . Although they have been tested perceptually with normal hearing and deaf CI patients, there are, as of yet, no physiological data to show an improvement in neural representation of time-varying features [12] [13] [14] . The FFR can faithfully preserve dynamic time-varying features critical for tonal languages, and can serve as a noninvasive neural index to evaluate different tonal CI signal processing strategies. A sectional analysis of the FFR suggests that CI algorithms be able to encode information at specific time-varying portions of auditory input, which are critical to neurophysiological representations of pitch. Such a neural index would facilitate development and testing of optimal CI algorithms that preserve critical time-varying portions of the pitch.
In conclusion, our findings demonstrate that experiencedependent neural mechanisms for pitch representation at the brainstem level are not speech specific but instead are sensitive to 'specific dimensions' of pitch contours that native speakers of a tone language are familiar with. We infer that the role of the brainstem is to facilitate cortical level processing of pitch relevant information by 'optimally' capturing those dimensions of the auditory signal that are of linguistic relevance. 
